A pulsed discharge plasma (PDP) reactor with net anode and net cathode was established for investigating the pyrene degradation in soil under different pulse peak voltage, air flow rate, pyrene content in soil, initial pH value and initial water content of the soil. Pyrene oxidation within the 60 min discharge time was fitting according to the pseudo-first order equation and the corresponding reaction kinetics constants (k values) were calculated. The obtained results show that pyrene oxidation under all the different reaction conditions obeyed the pseudo-first order equation well. Higher pulsed peak voltage and appropriate air flow rate were in favor of the increase of reaction rate of pyrene oxidation. A higher k value could be achieved in the lower initial pyrene content (the value was 100 mg kg −1 ). The k value of pyrene oxidation in the case of pH=4 was 11.2 times higher than the value obtained under the condition of pH=9, while the initial water content of the soil also has a large effect on the oxidation rate of pyrene due to the effect of PDP.
Introduction
Soil plays an important role in the ecological environment. With the acceleration of urbanization processes and the rapid development of modern industry, organic compounds resulting from industrial production and agricultural production enter into the soil in a variety of ways. The organic compounds in soil hence cause a lot of inconvenient environmental pollution problems. Other than the water pollution and the air pollution, soil pollution has characteristics of hidden, latency, irreversibility, long recovery period and hard to treat, etc. Soil remediation accordingly has become one of the research interests by international scholars in the last few decades.
Many technologies have been provided and applied in soil remediation. Among all these technologies, advanced oxidation technologies (AOTs) is a new technique, which can react with organic compounds easily through the reaction between •OH radicals and the target compounds. The reaction can make the refractory organic compounds be oxidized eventually into CO 2 , H 2 O and some small molecular inorganic salts. Due to the high oxidation potential and strong activity of the •OH, AOTs has been wildly applied in remediating pollution induced by the organic compounds existing in the air [1] , the water [2] and the soil [3] . The formed AOTs include O 3 /H 2 O 2 , O 3 /UV, H 2 O 2 /UV, Fenton oxidation, photocatalysis, ultrasonic oxidation, wet catalytic oxidation, non-thermal plasma oxidation, etc. All these AOTs have been used successfully for the organic pollutants oxidation in the liquid phase [4] [5] [6] [7] [8] [9] [10] . For the soil remediation, the AOTs of Fenton oxidation and photocatalysis have been tested successfully for remediating the soils contaminated by pesticides, polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyl and total petroleum hydrocarbons [3, [11] [12] [13] [14] . O 3 oxidation has also been confirmed as an efficient method for oxidizing the PAHs in soil [15] . As a kind of AOTs, pulsed discharge plasma (PDP) has been used in oxidizing many kinds of organic contaminants in solution successfully. Besides •OH, many other active species, such as •O, •H, •HO 2 , O 3 , and H 2 O 2 etc can also be generated during a pulse discharge process. Furthermore, UV light and electric field effects can be obtained during the discharge process as well. All the effects could work together to degrade organic compounds within a relatively short treatment time and to obtain a higher oxidation of the contaminants [16] [17] [18] [19] [20] [21] .
During the past decades, many conclusions have been achieved from the investigations on contaminants oxidation in liquid phase by the PDP technique, including the optimal operating parameters of the PDP system, critical parameters, degradation mechanism, and oxidative pathway, etc [22] [23] [24] . With the further study, PDP has also been considered recently to be applied for disposing the organic contaminants contained in soil. In the papers written by Tiecheng Wang et al, the PDP could be used on remediating the soils polluted by p-nitrophenol, pentachlorophenol and phenol etc. In their investigations, the effect of electrical parameters, soil properties and gas conditions were studied to clarify the critical factors for the polluted soil remediation by the PDP process [25] [26] [27] [28] . For broadening the application range of PDP on soil remediation, it is needed to choose more kinds of organic compounds as target compounds and then to explore the application potential of the PDP technique in the soil remediation in depth.
PAHs are a kind of biorefractory compounds, which exist extensively in the environment. With the immoderate exploitation and use of petroleum, coal and natural gas as well as the rapid development of the industrial economy, varieties and contents of PAHs are scaled up in the soil. As PAHs in soil can be gathered in plants through the growth of plants, which then cause potential hazardous effects on human health, so the 16 kinds of PAHs have been listed as priority pollutant by the American and Chinese EPA. Pyrene is one of PAHs, and it was chosen as a typical PAHs in the soil and can be treated by the PDP.
In the paper, a PDP reaction system with net anode and net cathode was established and then used to remediate the soil polluted by pyrene. With the purpose of illustrating the influence of various parameters on the organic contaminants oxidation by the PDP, a kinetic fitting was analyzed to discuss the pyrene oxidation under different conditions of peak pulse voltage, air flow rate, initial content of pyrene, initial pH value and initial water content of the soil. The rate constants (k values) of pyrene oxidation were also analyzed for explaining the influence of various parameters on the remediation process. The changing rule of pyrene degradation under different experimental conditions hence could be used for analyzing the important parameters for the PDP technology in remediating the soil contaminated by the organic compounds.
Experimental

Experimental system
The reaction system used for soil remediation in the paper included four parts: pulse power, electrical monitoring system, reactor and gas flow system. Figure 1 is the schematic diagram of the soil remediation system. The whole system and the electrical monitoring instruments were the same as the Figure 1 . Schematic diagram of the PDP system: 1. power console; 2. DC power supply; 3. storage capacitor; 4. pulse-formation capacitor; 5. high-voltage probe; 6. oscilloscope; 7. reactor; 8. gas flow meter; 9. gas pump; 10. current probe; 11. rotary spark gap (1); 12. rotary spark gap (2); 13. high voltage point; 14. ground point; 15. gas inlet; 16. gas outlet.
system used in our former research [29] . For the power supply, the peak pulse voltage was 0-60 kV adjustable; the pulse frequency was 0-150 Hz adjustable; the pulse-formation capacitor was 250 pF, the pulse rise time was from 30 to 100 ns; the pulse width was from 100 to 500 ns. The front view and the top view of the reactor for generating PDP are shown in figure 2. The reactor was comprised of a Plexiglass™ cylinder (255 mm height, 110 mm inner diameter 5 mm thickness). The high voltage anode and the ground cathode used in the reactor were similar, both of which consisted of a stainless-steel net of 200 mesh, which was wrapped around a resin disc. Several pores were distributed uniformly on each resin disc. In the present work, the gap of the anode (the high voltage point) and the cathode (the ground point) was fixed at 10 mm. A gas inlet was set on the upper place of the reactor while the gas outlet was on the below. The air pump was used to transport the air into the reactor and a flow meter was used to detect the air flow rate. The electrical monitoring instruments used in the research consisted of a TektronixTDS3032B digital oscilloscope combined with a Tektronix P6021 current probe and a Tektronix P6015A high voltage probe.
Experimental and analytic methods
The original soil used in the research was gathered from the scenic spot of Nanshan in Zhenjiang, Jiangsu province, China. Pyrene was selected as the target organic compound for polluting the soil in the research. All the chemical reagents employed were analytical grade. The processes of soil pretreatment and polluted soil preparation were consistent with the methods described in the former work [29] .
In the research, the process for remediating the pyrene polluted soil was as follows. Firstly, the polluted soil was spread uniformly on the stainless steel net disc which connected to the ground point (as shown in figure 2(a) ), and then adjusted the electrode gap to 10 mm. Secondly, the electrical parameters were adjusted through the power console, the pulse frequency used in the research was controlled at 50 Hz. Thirdly, after a certain time of PDP treatment, the soil was taken out, the residual pollutants in the soil were extracted and then the concentration was analyzed with HPLC. The extractive process for residual organic contaminants in the soil after treatment was the same as the methods described in our former work [29] .
In the experiments, the total amount of soil for treatment by the PDP process was 12 g. The treatment time of the PDP was controlled at 15 min, 30 min, 45 min and 60 min, respectively. The initial water content of the soil was about 5% and the initial pH value was about 6.
On the basis of the calibration curve of pyrene concentration and the corresponding peak area achieved from HPLC analysis, the residual pyrene contents in the soil after PDP treatment could be calculated. Kinetic analysis of pyrene degradation during the soil treatment hence could be fitted according to the following pseudo-first order equation:
while C 0 is the initial content of pyrene (mg/kg); C t is the content of pyrene at t min (mg/kg); k is the kinetic constant of pyrene degradation (min −1 ); t is the treatment time (min).
Results and discussion
Kinetic analysis of pyrene oxidation under different peak pulse voltages
Experiments for pseudo-first order kinetic analysis of pyrene degradation under different peak pulse voltage were firstly carried out in the research by the following experimental conditions: the initial pyrene content was 100 mg kg −1 , the water content was 5%, the initial pH value was 6 and the air flow rate was 1 l min −1 . The investigated peak pulse voltage Figure 2 . PDP with net-to-net electrode geometry: (a) front view; (b) top view. 1. wall of the reactor, 2. stainless steel screw (1), 3. stainless steel screw (2), 4. stainless steel net disc (high voltage point), 5. stainless steel net disc (ground point), 6. gas inlet, 7. gas outlet, 8 rubber gasket (1), 9. rubber gasket (2).
was 15 kV, 18 kV and 21 kV, respectively. The results of the kinetic analysis are shown in figure 3 and the corresponding values of k are summarized in figure 4 .
From the results of the kinetic analysis of pyrene degradation with different peak pulse voltages shown in figure 3 , it can be concluded that the oxidation of pyrene with different applied peak pulse voltages meets the pseudo-first order equation and also that the slope of the fitting line of pyrene degradation increases with the peak pulse voltage. According to the k values shown in figure 4 , it can be seen that the k value under the condition of 21 kV applied peak pulse voltage was 0.057 69 min −1 , which was more than four times the k value of 0.014 26 min −1 of pyrene oxidation under the condition of 15 kV applied peak pulse voltage. The results verified the critical effect of peak pulse voltage for the oxidation of the organic compound in the soil by the PDP process. The result was consistent with the result got from the organic contaminants oxidation in a PDP system for wastewater treatment, which was explained as the higher energy injection into the PDP reaction system by the increasing peak pulse voltage [22] . The same rule could also apply to the remediation process of organic contaminants polluted soil by the PDP.
Kinetic analysis of pyrene oxidation under different air flow rates
Because of the key role of the formed active species on the oxidation of organic compounds and the amount of the oxidizing species has a strong relation with the gas amount that bubbled into the PDP system, a kinetic analysis of the corresponding pyrene oxidation under a different air flow rate was secondly investigated in the paper. The basic soil condition used in the experiment was the same as the parameters used in section 3.1. The peak pulse voltage was controlled at 18 kV in the experiment. The studied air flow rate included 0, 0.5, 1 and 2 l min As shown in figure 5 , it can be seen that kinetic analysis of pyrene degradation in soil within the investigated air flow rate followed the pseudo-first order equation. According to the results shown in figure 6 , the k values were 0.012 97, 0.021 28, 0.034 25 and 0.026 07 min −1 when the air flow rate was 0, 0.5, 1 and 2 l min −1 . The results indicated that the rate of pyrene degradation would not increase right with the increase of the gas flow rate. Within the studied air bubbling rate, the highest pyrene degradation rate constant was achieved when 1 l min −1 air was bubbled into the reaction system and the value was 0.012 97 and 0.008 18 min −1 higher than the values obtained under the condition of 0.5 and 2 l min −1 air flow rate. The result was different from the organic compounds degradation in the wastewater treatment system by the PDP process, in which there was a higher degradation rate of organic compounds when more gas was bubbled into the reaction system [22] . However, during the process of the organic compounds treatment in soil by the PDP oxidation, the active species, such as O 3 , formed during the pulse discharge process would be blown away from the reactor through the soil particles crack under the condition of the higher gas flow rate, which led to the decrease of active species reacting with the target organic compounds and then resulted in the decrease of oxidation rate of organic contaminants.
Kinetic analysis of pyrene oxidation with different initial content of pyrene
The initial content of the target compounds can influence the degradation efficiency directly. In order to explain the changing degree of the oxidation rate of the organic contaminants in soil by the PDP, the kinetic analysis of pyrene degradation under different initial content (100 mg kg −1 , 200 mg kg −1 and 300 mg kg −1 ) of pyrene was investigated. Other basic parameters of the soil were the same as the former introduction. The peak pulse voltage was controlled at 18 kV and the air flow rate was 1 l min −1 . Figure 7 shows the results of kinetic analysis and the k values are illustrated in figure 8 . Figure 7 shows that pyrene oxidation with the change of discharge time obeyed the pseudo-first order equation within the three investigated initial pyrene contents. When the initial content of pyrene was 100 mg kg −1 , the k value was 0.034 25 min −1 ; when the initial content of pyrene was 200 mg kg −1 , the k value was 0.020 21 min −1 and when the initial content of pyrene was 300 mg kg −1 , the k value was 0.017 44 min −1 . The k value of 300 mg kg −1 pyrene oxidation was almost half of the k value of 100 mg kg −1 pyrene oxidation. The results indicated the large effect of organic compounds contents on the degradation rate. The reason for the results could be ascribed to the quantitative amount of active species generated in the PDP system under the controlled experimental parameters, which was due to the fixed energy injection. Therefore, the higher oxidation rate of pyrene in the case of the higher initial pyrene content could be achieved by enhancing the injection energy properly into the PDP system.
Kinetic analysis of pyrene oxidation under different soil initial pH values
For the kinetic analysis of pyrene degradation under a different soil initial pH value, three pH values of 4, 6 and 9 were chosen as the investigated pH values in the research. The soil parameter, the peak pulse voltage parameter and the air flow parameter were the same as the values listed in section 3.3. The results are illustrated in figures 9 and 10.
From figures 9 and 10, it can be seen that under the three investigated pH conditions of soil, pyrene degradation with PDP treatment time fitted to the pseudo-first order equation. The highest k value could be achieved under the condition of initial pH value 4 and the corresponding k value was 0.043 31 min −1 . In the case of alkali soil, the k value of the pyrene degradation rate was only 0.003 86 min −1 . The k value Figure 6 . k values of pseudo-first order analysis under different air flow rates. of pyrene degradation in the case of pH=4 was 11.2 times higher than the value obtained when the pH value was 9. The results confirmed the crucial effects of pH value on the pyrene oxidation in the soil remediation system by the PDP, which was consistent with the conclusion obtained from the organic compounds oxidation in the wastewater treatment by the PDP [20] .
Kinetic analysis of pyrene degradation under different initial water contents
Water content is an important parameter of soil. It affects the soil properties as well as the active species concentration in the soil remediation system. In the experiment, the pyrene content was 100 mg kg −1 , the soil pH value was about 6 and the studied water content was 5%, 10% and 15%, respectively. The peak pulse voltage was 18 kV and 1 l min −1 air was bubbled into the reaction system. The corresponding kinetic analysis was illustrated in figure 11 and the k values are illustrated in figure 12 .
As shown in figure 11 , there was good agreement of the degradation rate of pyrene with the pseudo-first order equation in the PDP system within the investigated water content parameters. It can be seen that with the increase of the water content of soil, the k values decreased from 0.034 25 min −1 of 5% to 0.007 14 min −1 of 15%, and the k value of pyrene degradation was 0.010 86 min −1 when the initial water content was 10%. The results show that the decrease of pyrene degradation rate was evident with the increase of the water content of the soil. Research has proved that the oxidizing active substances have better combination with the water existed in the soil interspace and then penetrated the soil layer fluently under the condition of the relatively dryer soil (5% water content of the soil) [30] . In this case, there was better performance of the oxidation effect under the condition of a lower water content of the soil. However, with the increase of the water content of the soil, the water in the soil hindered the reaction between the plasma and the target organic compounds. Pyrene oxidation accordingly decreased with the increase of the water content of the soil.
Conclusion
In the PDP system with net anode and net cathode for the pyrene polluted soil remediation, pyrene degradation under different reaction conditions, including pulse peak voltage, air flow rate, initial pyrene content, initial pH value and initial water content of the soil, all obeyed the pseudo-first order equation for the pollutant removal rate. It was concluded from the obtained results that the parameters of soil properties (pH value water content of the soil) had a strong influence on the pyrene oxidation by the PDP. Under the condition of acidic soil and a low water content of the soil, the oxidizing species in the PDP system was the highest. The k value of pyrene oxidation was higher when a larger discharge voltage was applied in the soil remediation system. The better parameter of the air flow rate was 1 l min −1 for the pyrene oxidation. Due to the fixed active species formation under certain reaction conditions in the PDP system, a higher initial pyrene content in the treated soil resulted in lower pyrene oxidation.
